The catalytic reaction of cytokinin oxidase/dehydrogenase (EC 1.5.99.12) was studied in detail using the recombinant flavoenzyme from maize. Determination of the redox potential of the covalently linked flavin cofactor revealed a relatively high potential dictating the type of electron acceptor that can be used by the enzyme. Using 2,6-dichlorophenol indophenol, 2,3-dimethoxy-5-methyl-1,4-benzoquinone or 1,4-naphthoquinone as electron acceptor, turnover rates with N 6 -(2-isopentenyl)adenine of approx. 150 s −1 could be obtained. This suggests that the natural electron acceptor of the enzyme is quite probably a p-quinone or similar compound. By using the stopped-flow technique, it was found that the enzyme is rapidly reduced by N 6 -(2-isopentenyl)adenine (k red = 950 s −1 ). Re-oxidation of the reduced enzyme by molecular oxygen is too slow to be of physiological relevance, confirming its classification as a dehydrogenase. Furthermore, it was established for the first time that the enzyme is capable of degrading aromatic cytokinins, although at low reaction rates. As a result, the enzyme displays a dual catalytic mode for oxidative degradation of cytokinins: a low-rate and low-substrate specificity reaction with oxygen as the electron acceptor, and high activity and strict specificity for isopentenyladenine and analogous cytokinins with some specific electron acceptors.
INTRODUCTION
Both prokaryotes and eukaryotes have been shown to utilize flavoprotein enzymes for a wide variety of oxidoreductase reactions. A family of flavin-containing oxidoreductases was previously identified on the basis of the presence of a shared FADbinding domain [1] . Members of this group include enzymes with covalently and non-covalently bound FAD capable of performing oxidation as well as dehydrogenation reactions, but it is not clear how the FAD-binding domain provides access to the electron acceptor. Electron transport resulting in re-oxidation of FAD appears to be a divergent feature of this group of enzymes. To understand the evolution of different mechanisms of enzyme flavin utilization, it is important to compare the reaction mechanisms and physical properties of different enzymes containing the FAD-binding domain.
Cytokinins are important plant hormones [2] , which are selectively inactivated by oxidative cleavage of their side chain. The enzyme catalysing this degradation has been historically classified as a cytokinin oxidase [3] , but recent findings indicate that the enzyme uses an electron acceptor other than oxygen [4] [5] [6] ; reclassification of the enzyme as cytokinin dehydrogenase (CKX; EC 1.5.99.12) was approved by the Nomenclature Committee of the International Union of Biochemistry and Molecular Biology in 2001. The reaction catalysed by the enzyme is shown schemAbbreviations used: CAN, citraconic anhydride; CKX, cytokinin dehydrogenase (EC 1.5.99.12); CPPU, N-(2-chloro-4-pyridyl)-N 9 -phenylurea; DCPIP, 2,6-dichlorophenol indophenol; DEPC, diethyl pyrocarbonate; EDC, N-(3-dimethyl-aminopropyl)-N-ethylcarbodi-imide; iP, N 6 -(2-isopentenyl)adenine; iPR, N 6 -(2-isopentenyl)adenosine; NAI, N-acetylimidazole; NBS, N-bromosuccinimide; NHE, normal hydrogen electrode; NEM, N-ethylmaleimide; PHG, phenylglyoxal; Q 0 , 2,3-dimethoxy-5-methyl-1,4-benzoquinone; Q 1 , 2,3-dimethoxy-5-methyl-6-(3-methyl-2-butenyl)-1,4-benzoquinone; SCE, saturated calomel electrode. 1 To whom correspondence should be addressed (e-mail frebort@prfholnt.upol.cz).
atically in Figure 1 [4] . CKX was revealed to be a member of the oxidoreductase family after the enzyme was cloned from maize and shown to contain the FAD-binding domain and a covalent association with flavin [5, 9] . To avoid confusion with the use of the traditional and the new names, only the abbreviation CKX will be used throughout the paper. CKX removes the isoprenoid side chain of iP [N 6 -(2-isopentenyl)adenine] and zeatin, converting them into adenine and the corresponding aldehyde [3, 7, 8] . Genes encoding the enzyme were cloned from maize [9, 10] , A. thaliana [5, 11, 12] , Dendrobium orchid [13, 14] and recently also from barley (P. Galuszka, unpublished work; GenBank ® accession no. AF491590). To date, CKX was not known to act on aromatic side-chain cytokinins such as kinetin and benzyladenine derivatives [7] .
Recently, it has been shown that the addition of DCPIP (2,6-dichlorophenol indophenol) to in vitro reaction increases the reaction rate of degradation of trans-zeatin by the ZmCKX1 [the CKX enzyme from maize, encoded by the gene ZmCXK1 (GenBank ® accession no. AF044603)] nearly 4000-fold faster than the oxygen-dependent rate [6] . In the present study, we present further characterizations of the reaction mechanism of CXK from maize, ZmCKX1, which focus on explaining the kinetic and redox properties of the enzyme and the role of the electron acceptor. These studies form the basis for broader comparisons among FAD oxidoreductases and within the plant CKX gene family. 
EXPERIMENTAL

Enzymes and chemicals
The enzyme, recombinant ZmCKX1 produced by Pichia pastoris, was purified as described previously [5] and stored as a concentrated stock solution (87.7 µM) in TE buffer (10 mM Tris/HCl, 1 mM EDTA, pH 8.0), containing 1 M KCl at 4
• C. Partially purified plantacyanin from spinach leaves was prepared by the method described in [15] . Horse heart cytochrome c was obtained from Biomed (Cracow, Poland); bovine milk xanthine oxidase (EC 1.1.3.22) was from Sigma (St. Louis, MO, U.S.A.).
Rosmaric acid, scopoletin, caffeic acid, daphnoretin, o-and p-coumaric acid, luteolin, hydrocaffeic acid and umbelliferone were donated by Dr Lubomír Opletal (Charles University, Hradec Králové, Czech Republic). Coenzyme Q 1 [2,3-dimethoxy-5-methyl-6-(3-methyl-2-butenyl)-1,4-benzoquinone] was a gift from Professor Kazunobu Matsushita (Yamaguchi University, Japan) and atrazine was donated by Dr Pavel Adamovský (Department of Analytical Chemistry, Palacký University, Olomouc, Czech Republic). 1,4-Naphthoquinone was obtained from BDH Chemicals (Poole, Dorset, U.K.) and DCPIP and indole-3-acetic acid were from LOBA Feinchemie (Fischamend, Austria). Acetosyringone (3,5-dimethoxy-4-hydroxyacetophenon) was from Aldrich (Milwaukee, WI, U.S.A.), ferulic acid was from Theodor Schuchardt (Munich, Germany). N 6 -(2-isopentenyl)-adenosine-5 -monophosphate, N 6 -benzyladenosine-5 -monophosphate, (R/ S)-dihydrozeatin riboside-5 -monophosphate, dihydrozeatin and zeatin riboside-5 -monophosphate were purchased from Apex Organics (Honiton, U.K.). N 6 -(2-hydroxybenzyl)adenine, N 6 -(3-hydroxybenzyl)adenine, N 6 -(4-hydroxybenzyl)adenine and CPPU [N-(2-chloro-4-pyridyl)-N 9 -phenylurea] were from OlChemIm (Olomouc, Czech Republic). N 6 -(2-Methoxybenzyl) adenine, N 6 -(3-methoxybenzyl)adenine and N 6 -(4-methoxybenzyl)adenine were provided by the Laboratory of Growth Regulators (Palacký University/Institute of Experimental Botany ASCR, Olomouc, Czech Republic). N-Methyl-isopentenyladenine [N 6 -methyl-N 6 -(3-methyl-2-butenyl)adenine] was synthesized as in [16] . DEPC (diethyl pyrocarbonate), EDC [N-(3-dimethyl-aminopropyl)-N -ethylcarbodiimide], CAN (citraconic anhydride), PHG (phenylglyoxal) monohydrate and NBS (N-bromosuccinimide) were from Fluka (Zwijndrecht, The Netherlands). iP, trans-zeatin
, guaiacol (2-methoxyphenol), tyrosine, xanthine, Methyl Viologen, thionin, Methylene Blue, resorufin and other chemicals were from Sigma.
Differential pulse polarography
Differential pulse polarography measurements were performed on ZmCKX1 in a PRG 4 apparatus (Tacussel, Villeurbane, France) as described previously [17] , using a mercury dropping electrode and SCE (saturated calomel electrode) as the reference. The reaction mixture in a glass polarographic cell (2 ml) contained ZmCKX1 (1.5 µM) in 43 mM Mops/NaOH (pH 7.2) and 0.24 mM EDTA. The reaction mixture was de-aerated by bubbling with argon gas for 10 min and polarographed over the potential range between − 1.4 and 0.0 V.
Cyclic voltammetry
Cyclic voltammetry measurements were performed on ZmCKX1 using EG&G M-273 apparatus (Princeton Applied Research, Oak Ridge, TN, U.S.A.). For enzyme reduction assessments in the absence of substrate, a reaction mixture of 2.5 ml of ZmCKX1 (87.7 µM) in TE buffer (pH 8.0), containing 1 M KCl was scanned from 0.0 to − 1.4 V at scan rates 100-500 mV/s using mercury stationary drop as working electrode, SCE as the reference and a Pt wire as the auxiliary electrode. The scan was also performed with addition of the substrate, iP, at final concentrations of 40-120 µM. For enzyme re-oxidation experiments, the enzyme was first reduced with 120 µM iP and then the reaction mixture was scanned from 0.0 to 0.8 V at the scan rate of 250 mV/s using an MF-2012 glassy carbon working electrode (Bioanalytical Systems, West Lafayette, IN, U.S.A.), SCE as the reference and a Pt wire as the auxiliary electrode. A control experiment was performed with the enzyme without adding iP.
The redox potential of ZmCKX1 was also determined by the method of Massey [18] . The enzyme (5 µM) in the presence of 2 µM Methyl Viologen, 200 µM xanthine and a reference dye in 50 mM potassium phosphate (pH 7.5) was made anaerobic in a spectrophotometric cell by flushing with nitrogen. Thionin (+ 0.056 V), Methylene Blue (+ 0.011 V) and resorufin (− 0.051 V) were used as reference dyes. Reduction was initiated by adding 0.5 µg/ml xanthine oxidase and subsequently monitored using an 8453A diode array spectrophotometer (HewlettPackard, Foster City, CA, U.S.A.). Spectra (300-700 nm) were recorded every 1 min until reductions of both the dye and the enzyme were complete (approx. 1.5 h).
Spectral studies on CKX
Spectrophotometric titrations were performed using methods described in studies of other flavoproteins [19, 20] . Titrations were performed in a stirred quartz cell on a DU 7500 photodiode array spectrophotometer (Beckman, Fullerton, CA, U.S.A.) at 30
• C. The enzyme solution (20-25 µM) , of total volume 1.5 ml, in 75 mM imidazole/HCl (pH 6.5) was titrated with 2 µl aliquots of a reagent (Q 0 , iP and sodium dithionite) at a concentration, in the same buffer, that allowed approximately ten additions for complete reduction/oxidation. The aliquots were added at 1 min intervals.
Rapid-scanning experiments that monitored time course of the reduction of 5.85 µM ZmCKX1 with iP, N-methylisopentenyladenine, 2-hydroxybenzyladenine, 4-hydroxybenzyladenine and 0.15 mM dihydrozeatin were performed in 75 mM imidazole/HCl (pH 6.5) at 30
• C, using the multi-wavelength kinetics mode that allows recording of spectra of photodiode readings in 0.1 s interval and can store up to 99 recorded spectra at chosen time intervals. The experiment was also performed with iP in the presence of 1.25 µM CuCl 2 , which, in the imidazole buffer used, acts as an electron acceptor in the CKX reaction.
Stopped-flow kinetics was performed with an SX17MV stopped-flow instrument apparatus equipped with a diode-array detector (Applied Photophysics, Leatherhead, U.K.). Spectral scans were collected at 2.56 ms intervals. Spectral deconvolution was performed using the Pro-K software (Applied Photophysics, Leatherhead, U.K.). For anaerobic experiments, the solutions were flushed with nitrogen and simultaneously 10 mM glucose and 0.1 µM glucose oxidase were included. For a more accurate estimation of reduction rates, the single-wavelength detection mode was used. Single-wavelength kinetic traces were recorded at 445 nm after mixing 2.0 µM ZmCKX1 with different concentrations of iP [75 mM imidazole/HCl (pH 6.5) at 30
• C].
Quantification of CKX-mediated aldehyde formation
The assay was performed using previously described methods [21] . An enzyme sample was incubated in a reaction mixture (total volume of 0.6 ml in an Eppendorf tube) composed of buffer [75 mM Tris/HCl (pH 8.0) or 75 mM imidazole/HCl, pH 6.5], DCPIP (or other electron acceptor) in appropriate concentration (0.5 mM taken as reference/'saturation') and 0.15 mM iP (or appropriate concentration of a substrate) at 37
• C. The incubation period varied from 0.5 to 2 h, depending on the activity. The reaction was stopped by adding 0.3 ml of 40 % (w/v) trichloroacetic acid to the tube, which was then centrifuged at 12 000 g for 5 min. After the addition of 0.2 ml of 4-aminophenol (2 % solution in 6 % trichloroacetic acid) to the supernatant, the whole spectrum in the range 300-700 nm was scanned and the absorbance was measured at a specific wavelength (352 nm for iP, ε 352 15.2 mM −1 · cm −1 ), against a blank without the substrate. For enzyme inhibition studies, inhibitors were dissolved in a minimal amount of DMSO (2-10 µl) and added to the assay mixtures at various concentrations. The same aliquot of DMSO was always added to the blank without substrate. After incubation, 4-aminophenol was added to the reaction mixture and absorption was measured as before.
All kinetic data were analysed using the program GraFit 4.0.12 (Erithacus Software, Horley, Surrey, U.K.).
Monitoring of CKX reaction by LC-MS
Reaction mixtures consisting of 0.44 µM ZmCKX1, 0.15 mM substrate (iP, N-methyl-isopentenyladenine and dihydrozeatin) in 75 mM imidazole/HCl (pH 6.5), alternatively containing 0.5 mM Q 0 , were incubated for 30 min at 37
• C and then cooled on ice. Aliquots (0.01 ml) were diluted 100-fold with 15 mM formic acid adjusted to pH 4.0 by ammonium hydroxide. The samples (10 µl) were separated on a Symmetry C18 column (2.1 mm inner diameter × 150 mm, 5 µm), using an Alliance 2690 Separations Module equipped with a 996 Photodiode Array Detector (Waters, Milford, MA, U.S.A.) with a linear gradient from 2 to 70 % (v/v) methanol and 98-30 % (v/v) 15 mM ammonium formate (pH 4.0) in 15 min, followed by an increase to 100 % methanol from 20 to 21 min, at a flow rate of 0.25 ml/min, the column being thermostatically maintained at 30
• C. Mobile-phase flow was split (1:1) in between the photodiode array detector (scanning range 200-400 nm, resolution 1.2 nm) and a ZMD 2000 single quadrupole mass spectrometer equipped with an electrospray interface (Micromass, Manchester, U.K.). The ionization mode used produced positively charged ions corresponding to the pseudomolecular one (molecular mass + 1 Da). In the LC-MS experiments, full scans were performed with the following electrospray parameters: source temperature 100
• C; capillary voltage, + 3.0 kV; cone voltage, + 30 V; ion energy, 0.3 V and desolvation temperature, 250
• C; nitrogen was used both as desolvation gas (450 l/h) and as cone gas (50 l/h). Data were evaluated with the software Masslynx (Micromass).
Chemical modifications of active-site amino acid residues
Chemical modifications of specific amino acids were performed to determine residues that are essential for the enzyme activity [22] . NEM (10 mM) was used to modify cysteine residue. DEPC (5 mM) and EDC (10 mM) were used to modify histidine and carboxylate residues (Glu and Asp) respectively. PHG (10 mM) and CAN (10 mM) were used to modify arginine and lysine residues respectively. NAI (10 mM) was chosen for the reaction with tyrosine and NBS (1 mM) was used to modify tryptophan. The following buffers were used: 0.08 M Tris/HCl, pH 8.5 (CAN, NEM, PHG), 0.08 M Tris/HCl, pH 8.0 (EDC, NAI, NBS) and 0.05 M potassium phosphate, pH 7.0 (DEPC). ZmCKX1 samples (1.8 µM) were incubated with the reagents at room temperature (24
• C) and aliquots were taken out for the activity assay with iP and DCPIP as above.
RESULTS
Electrochemical characterization of the CKX reaction
Flavoproteins show distinct electrochemical signals that can be used for their characterization. When native ZmCKX1 was studied by differential pulse polarography, a signal corresponding to FAD reduction was found at − 0.27 V (Figure 2A ), which corresponded to E 0 = − 0.014 V [peak at − 0.27 V, correction to SCE versus NHE (normal hydrogen electrode) (+ 0.244 V) and pH 7.2 versus pH 7.0 (+ 0.012 V)].
Using cyclic voltammetry, the effect of substrate on the reduction of the FAD cofactor of ZmCKX1 was studied. In the reductive half-reaction without substrate ( Figure 2B ), the peak for cofactor FAD occurred at E 0 = + 0.013 V [peak at − 0.290 V, correction to SCE versus NHE ( + 0.244 V) and pH 8.0 versus In the presence of substrate, this characteristic peak disappeared confirming the substrate-mediated reduction of the cofactor. In the oxidative half-reaction with substrate-reduced enzyme, a low-amplitude wave appeared at approx. E 0 = + 0.75 V (not shown). In the process of assaying for production of hydrogen peroxide in the CKX reaction using a coupled assay with peroxidase/guaiacol [23] , it was discovered that the product of guaiacol oxidation, 3,3 -dimethoxy-4,4 -biphenoquinone [24] , can actually act as an electron acceptor in the dehydrogenase reaction of ZmCKX1 (results not shown). Therefore hydrogen peroxide was assayed and detected for the CKX with iP (without any other electron acceptor) reaction using a discontinuous assay (results not shown). The formation of hydrogen peroxide in the reaction can explain the wave observed by cyclic voltammetry at approx. E 0 = + 0.75 V, which agrees well with the standard redox potential for conversion of hydrogen peroxide.
The redox properties of ZmCKX1 were also studied spectrophotometrically. For this, the enzyme was anaerobically reduced by the xanthine oxidase/xanthine system [18] . Reduction of ZmCKX1 revealed that a red anionic flavin semiquinone is significantly stabilized during the redox titration as evidenced by the typical absorbance of approx 360 nm. Using several reference dyes (resorufin, Methylene Blue and thionin), redox potentials of the two couples (oxidized/semiquinone and semiquinone/quinol) could be estimated. Titration with thionin indicated that the potential of the first electron transfer is approx. + 0.022 V (Nernst plot gave 29.7, the theoretical value being 29.5 mV). Titration with resorufin revealed that the potential for reduction of the red anionic radical is − 0.007 V (Nernst plot gave 30.1 mV as slope, the theoretical value being 29.5 mV). Using Methylene Blue, the redox potential for reduction of the radical could be determined at − 0.004 V. The difference in redox potential between the two redox couples agrees well with the observed amount of semiquinone formed during the redox titration. Taken together, the midpoint potential for a two-electron redox potential of ZmCKX1 is estimated to be + 0.008 + − 0.005 V, which is similar to the values determined by differential pulse polarography and cyclic voltammetry. This relatively high redox potential is typical for a covalently bound flavin cofactor [25] , compared with the free FAD that has a standard redox potential of − 0.219 V. The high redox potential also limits the usage of physiologically available electron acceptors. Although molecular oxygen, according to its redox potential, could be a potential electron acceptor, it hardly reacts with reduced ZmCKX1 [4] . The reluctance to use oxygen as electron acceptor may suggest shielding of the flavin cofactor. It was recently shown for a sequence-related flavoenzyme, cholesterol oxidase, that oxygen can only enter the active site via a strictly defined narrow tunnel [26] . Also the active-site architecture can prevent molecular oxygen from reacting with a reduced cofactor. Apparently, ZmCKX1 activity is strictly dependent on a specific type of electron acceptor.
Search for electron acceptors of CKX
Since the natural electron acceptor of the enzyme is unknown and oxygen has very limited reactivity [4, 6] , a variety of redoxactive compounds was tested, including caffeic acid and acetosyringone, which were shown previously to enhance CKX activity [16, 27] . Although some of the compounds, for which an activating effect has been described, decreased the activity, several compounds markedly increased CKX activity (Table 1) . Particularly, p-quinones, including analogues of ubiquinone, Q 0 and Q 1 , 1,4-naphthoquinone and the artificial electron acceptor DCPIP enhanced ZmCKX1 activity. Using 0.15 mM iP, the K m values for the most effective electron acceptors were determined: DCPIP, 0.036 mM; Q 0 , 0.21 mM; and 1,4-naphthoquinone, 0.011 mM (all at pH 6.5). The redox potentials of all effective electron acceptors vary from + 0.06 to + 0.22 V. As found previously for CKX from wheat, the E 0 of the sought natural electron acceptor should indeed lie in this range [4] . The electron acceptor DCPIP was effective at both alkaline and neutral pH, whereas at the alkaline pH, the quinones gave non-reproducible results due to their spontaneous oxidative side-reactions. It is notable that under aerobic conditions, the enzyme displayed low but measurable activity (turnover rate approx. 0.5 s −1 ), even without any electron acceptor added. This reaction was not inhibited by either KCN or sodium azide, indicating no contamination of the enzyme with electron acceptors from the respiratory chain of yeast used to produce the recombinant enzyme. Therefore this activity has been further referred to as an oxidase activity. For subsequent studies, 0.5 mM concentration of the electron acceptor Q 0 was chosen as a reference, since at higher concentrations Q 0 was found to interfere with the p-aminophenol assay used.
Other cytokinins as potential substrates of CKX
Until recently, aromatic cytokinins such as hydroxy-derivatives of N 6 -benzyladenine found in plants were considered not to be substrates of CKX [7] . In a previous report, we designed a method for quantification of aldehydes that might be produced by oxidative cleavage of the side chain of aromatic cytokinins [21] . Using this method, it was found that ZmCKX1 is in fact capable of cleaving aromatic cytokinins, although at low turnover rates compared with iP ( Table 2 ). The rates obtained were of the same magnitude as those for iP-type cytokinins without the addition of a functional electron acceptor. Surprisingly, the reaction of ZmCKX1 with N-methyl-isopentenyladenine also proceeded with a turnover rate similar to those of aromatic cytokinins ( Table 2 ) and resulted in the production of 3-methyl-2-butenal that was identified by the 4-aminophenol method [21] . Evidently, the replacement of H with the methyl group at N-6 does not prevent catalysis. Owing to the low turnover rate compared with iP, this compound can act as a competitive inhibitor of iP degradation as reported earlier for CKX from tobacco [16] and maize [5] . Dihydrozeatin (retention time, 11.6 min; m/z + 222.3) was not degraded at all.
Using 0.5 mM Q 0 , the concentration-dependent rate of the cytokinin degradation resembled Michaelis-Menten kinetics with apparent K m values of 0.040 and 0.044 mM for iP and iPR [N 6 -(2-isopentenyl)adenosine] respectively. Apparently, the ribose moiety in iPR does not significantly affect the catalytic efficiency since the turnover rates for both iPR and iP are similar (Table 2) . When only molecular oxygen is present, however, an apparent K m of 0.44 mM for iP was measured, whereas for kinetin and 2-hydroxybenzyladenine (two aromatic cytokinins) again relatively low K m values were found (respectively 0.070 and 0.040).
Quite surprising was the fact that the rates for cleavage of aromatic cytokinin side chains in the presence of Q 0 did not differ significantly from rates observed in the presence of molecular oxygen. The low rates for both iP type and aromatic cytokinins decreased when the reaction mixtures were purged with nitrogen gas, suggesting that indeed molecular oxygen is needed for the low-rate reaction. The enzyme thus displays a dual catalytic activity mode of a high dehydrogenase activity with a suitable electron acceptor that is specific for iP-type cytokinins and a low oxidase activity that is non-specific towards other cytokinins. A similar activity with oxygen/Q 0 for the aromatic cytokinins may indicate that flavin reduction by the substrate has become ratelimiting.
Spectral detection of reaction intermediates
The characteristic absorption spectrum of flavoproteins shifts in accordance with the redox status of the flavin cofactor and typically three peaks were observed at approx. 445 nm for FAD, 370 nm for FADH and 315 nm for FADH 2 [19, 20, [28] [29] [30] . When the catalytic centre of ZmCKX1 was stepwise reduced with sodium dithionite, the resulting spectra showed a clear two-step reaction with stoichiometric formation of the flavin semiquinone as observed during the redox titration ( Figure 4A ). When the enzyme was then re-oxidized with Q 0 , the formation of semiquinone was less obvious, but still noticeable ( Figure 4B ). However, when the enzyme was aerobically mixed with an excess Using the stopped-flow apparatus, 20 µM ZmCKX1 was mixed with 30 µM iP (final concentrations) after which spectra were recorded every 2.56 ms. A total of 500 spectra were collected in logarithmic distribution during 49 s. The spectra collected at 1.3 ms, 2.86 ms, 6.42 ms, and 8.98 ms (solid lines), and 49 s (---) are shown. The spectrum of ZmCKX1 obtained after mixing with buffer is also shown (· · ·). Spectral deconvolution revealed four spectral species (A, B, C, D) and three corresponding exponential decay rates (inset).
of iP, no formation of semiquinone was observed, even though yielding a fully reduced enzyme. Partial reduction of the flavin cofactor was observed during the aerobic reaction with low turnover rate substrates N-methyl-isopentenyladenine, 2-hydroxybenzyladenine and 4-hydroxybenzyladenine, indicating that flavin re-oxidation by molecular oxygen is a relatively slow event. With dihydrozeatin, no flavin reduction could be detected.
ZmCKX1 could be rapidly reduced by iP as evidenced by stopped-flow analysis ( Figure 5 ). Spectral analysis of the diode array data revealed that flavin is rapidly and fully reduced in the first step. Complete reduction of flavin indicates that this reaction step is essentially irreversible. Substrate-concentration-dependent analysis of the rate of reduction using single-wavelengthabsorption detection mode (445 nm) of the stopped flow revealed a K d < 2 µM and a maximal reduction rate of 950 s −1 . Spectral analysis revealed that, after reduction, two other kinetic events can be observed. During these relatively slow processes, the formed absorbance of approx. 352 nm disappears, resulting in a final spectral species that resembles a reduced flavin species. Formation of an imine product would correspond to the spectral properties of this intermediate as it represents a highly conjugated compound. The observed increased absorbance at higher wavelength (> 550 nm), after the enzyme was mixed with iP, suggests the formation of a charge-transfer complex. This indicates that the observed spectral intermediate represents a binary complex of reduced enzyme and a bound oxidation product, probably the imine. From these results, it can be deduced that release of the product or imine from the reduced enzyme is a relatively slow process that might be triggered by re-oxidation of the cofactor. Such a ternary kinetic mechanism resembles the mechanism of vanillylalcohol oxidase [31] , another member of the oxidoreductase family.
Elucidation of the enzyme reaction mechanism
The kinetics of ZmCKX1, in the presence of Q 0 or DCPIP as electron acceptors, were characterized to elucidate the mechanism of the dehydrogenase reaction. Saturation curves of ZmCKX1 with iP as substrate showed a decrease in specific activity after reaching a maximum rate, previously observed also for the recombinant enzyme AtCKX2 from A. thaliana [21] and for the ZmCKX1 with trans-zeatin [6] . This characteristic is typical for two-substrate kinetics, in which a ternary complex forms among the enzyme and both substrates [32] . Thus the ZmCKX1 dehydrogenase reaction is unlikely to follow the PingPong mechanism, where only binary complexes are formed that has been described for some FAD-dependent oxidases such as cholesterol oxidase [26] .
In general, the order in which the substrates bind in the ordered bireactant system can be determined by use of a specific inhibitor [32, 33] . The inhibitor CPPU, which is known to inhibit ZmCKX1 [5] , was chosen for the studies. Analysis of the double-reciprocal plot showed that with the two-electron carrier Q 0 as the electron acceptor, the inhibition by CPPU was competitive towards Q 0 (K i = 0.063 mM) and uncompetitive towards iP (K i = 0.014 mM); see Figures 6(A) and 6(B). This characteristic is typical for ordered bireactant systems as described by Segel [33] , with iP binding first and Q 0 next. However, when the one-electron carrier DCPIP was used, the CKX reaction became a ter-reactant system, because two molecules of the one-electron carrier DCPIP are needed to oxidize fully the cytokinin substrate. With DCPIP as the electron acceptor, the inhibition by CPPU appeared to be competitive towards iP (K i = 0.004 mM), which agrees with the results obtained by measuring DCPIP bleaching [5] and uncompetitive towards DCPIP (K i = 0.075 mM).
When measuring the enzyme activities by the 4-aminophenol assay [21] , the amount of CKX had to be carefully set to avoid substrate exhaustion or product inhibition in the given incubation period. In general, the experiments with iP < 0.01 mM were difficult to perform; the amount of enzyme had to be kept low and the absorbances measured were low (ε 352 15.2 mM −1 · cm −1 ). On the other hand, the 4-aminophenol method has an advantage over measuring the DCPIP bleaching [5] , since, unlike the DCPIP bleaching method, it allows measurement under saturating concentrations of the electron acceptor.
ZmCKX1 readily reduces analogues of ubiquinone, Q 0 and Q 1 ; however, there seems to be no similarity of its quinonebinding site to the Q B site of respiratory enzymes, since the Q B site inhibitors diuron and atrazin [34] showed only little effect on the enzyme activity. Atrazin was totally ineffective, whereas diuron showed weak inhibition with behaviour similar to CPPU
Figure 7 Putative reaction mechanism of ZmCKX1
The proposed catalytic reaction of ZmCKX1 follows a ternary complex mechanism. In this mechanism, the oxidized enzyme (I) is reduced by a cytokinin via a covalent intermediate (II) forming a binary complex of reduced enzyme and a product intermediate (III) . After the reaction of the binary complex with a suitable electron acceptor, the imine product is released and hydrolysed to form oxidized enzyme, adenine and the respective side-chain aldehyde (IV).
(competitive towards Q 0 , K i = 0.27 mM; uncompetitive towards iP, K i > 0.5 mM).
The substrate analogues N-methyl-isopentenyladenine and dihydrozeatin showed rather low inhibition effects when tested as inhibitors towards iP in the reaction mediated by Q 0 . N-Methylisopentenyladenine showed competitive inhibition for K i > 0.2 mM, whereas dihydrozeatin inhibited only approx. 30 % of the CKX activity at 0.5 mM concentration.
Identification of critical amino acid residues
Specific amino acid modifiers were used to elucidate residues that are important for the enzymic activity of ZmCKX1 (see the Experimental section for details). Strong time-dependent inhibition was observed on Trp modification by NBS (30 and 10 % of control after 5 and 15 min respectively) and His modification by DEPC (70 and 3 % of control after 30 and 60 min respectively). Activity of ZmCKX1 modified on other amino acid residues was within 80-95 % of the control. On the basis of amino acid sequence alignments with other oxidoreductases, H105 and H394 are candidates for covalent flavination. Indeed, an isolated lysyl endopeptidase cleavage fragment of ZmCKX1-containing FAD was found to contain H105 (K. D. Bilyeu, unpublished work). Further understanding of important amino acid residues will involve structure determination and site-directed mutagenesis.
DISCUSSION
A conserved domain search [35] on the protein sequence of ZmCKX1 revealed the presence of a FAD-binding domain (pfam01565) represented by residues 69-231. This domain has been found in a superfamily of FAD-dependent oxidoreductases [1, 36] . Members of this flavoprotein oxidoreductase superfamily have been shown to use a variety of electron acceptors: e.g. vanillyl-alcohol oxidase (covalent FAD) efficiently uses molecular oxygen [25] , D-lactate dehydrogenase (non-covalent FAD) uses membrane quinones [37] , whereas UDP-N-acetylmuramate dehydrogenase is an NADP + -dependent enzyme [38] . The results of our experiments demonstrate the formation of a ternary complex for CKX during a dehydrogenase reaction utilizing a suitable electron acceptor other than oxygen. CKX (covalent FAD) is therefore an important member of the oxidoreductase family because it follows an analogous reaction mechanism although differing in re-activation of the flavin.
By the identification of several highly effective electron acceptors, the classification of the cytokinin degrading enzyme as a dehydrogenase has been affirmed. As can be expected, the redox potentials of these electron acceptors are somewhat higher than the redox potential of the covalent flavoprotein. On the basis of the kinetic data presented in this study, we propose a ternary kinetic mechanism of the CKX-mediated oxidation reaction (Figure 7) , which includes flavin reduction via a 'concerted covalent catalysis mechanism' proposed for monoamine oxidase [39] . In this mechanism, the cytokinin substrate reacts with the oxidized flavin to form a transient flavin covalent adduct to the C4a atom. Such a reduction reaction is in line with the reluctance of N-methylisopentenyladenine to reduce the flavin cofactor as the tertiary amine is sterically hindered to approach the cofactor. The formed covalent intermediate breaks down to the oxidized flavin cofactor and an aldimine form of the cytokinin. Spectral analysis of the reductive half-reaction confirms the formation of such a product intermediate. The rapid reaction and inhibition results suggest that, for re-oxidation of the reduced flavin, the electron acceptor reacts with a binary complex. After re-oxidation, the imine dissociates from the active site and subsequently hydrolyses to adenine and a side-chain aldehyde.
Our first pre-steady-state kinetic experiments with iP indicate that reduction of the flavin by this cytokinin is extremely fast (950 s −1 ), whereas the enzyme displays a high affinity for the substrate (K d < 2 µM). As the measured turnover rate with iP is significantly lower for the identified electron acceptors (approx. 150 s −1 ), it is probable that, for this substrate, the rate of conversion is limited by the rate of re-oxidation or product release. As the turnover rate with the electron acceptors is still several orders of magnitude faster when compared with using molecular oxygen as electron acceptor (0.5 s −1 ), it is clear that the low rate of conversion with molecular oxygen is limited by the re-oxidation rate. With the aromatic cytokinins, no increase in the turnover rate was found when using a range of potential electron acceptors. This suggests that, in this case, the cytokinin-mediated reduction of the cofactor is relatively slow. Apparently, the enzyme is highly efficient only with iP-type cytokinins when appropriate electron acceptors are available.
As described here, the reaction rate of cytokinin degradation strictly depends on the electron acceptor used. Therefore the cytokinin turnover rates shown here are much higher than those available in the literature, where the type or concentration of the electron acceptor was inadequate. For example, with 0.05 mM DCPIP, the observed conversion rate of ZmCKX1 with iP was only 67 s −1 [5] . The values 36 and 54 s −1 obtained for transzeatin, using 0.05 and 0.075 mM DCPIP respectively [5, 6] , cannot be compared directly because the p-aminophenol method shows poor molar absorption coefficient with trans-zeatin product, 4-hydroxy-3-methyl-2-butenal [21] , and the reaction is affected by a side reaction with DCPIP [6] . It is expected, however, that the rates observed would increase significantly with a proper type and concentration of the electron acceptor. In retrospect, all currently applied methods for CKX activity measurements suffer from undersaturation of the system with the (artificial) electron acceptor used. It is probable that the native electron acceptor allows the enzyme to achieve relatively high turnover rates. Since the reduction of the flavin cofactor with iP is very fast and the enzyme displays a relatively low K d for iP (< 2 µM), theoretically, the enzyme is able to degrade cytokinins very efficiently even at low concentrations. Our results correspond to the observation that the apparent K m value for iP conversion by ZmCKX1 was only 1.5 µM when measured with DCPIP bleaching [5] . Fast turnover, however, is achieved only if a suitable electron acceptor is available. If a highly effective electron acceptor is present, the enzyme should be theoretically capable of degrading cytokinins in turnover rates approaching 1000 s −1 . When the reduced form of flavin is re-oxidized with molecular oxygen, the reaction proceeds with all cytokinins studied in the present study with turnover rate of approx. 0.5 s −1 , which is doubtful to have any physiological significance. Since the aerobic low turnover rates may be greatly affected in the presence of different redox compounds such as membrane quinones, activity assay methods that do not use any electron acceptor in the reaction mixture can produce ambiguous results when applied to plant homogenates [3, 11, 12, 40, 41] .
Out of the seven CKX genes in Arabidopsis, four encode N-terminal signal peptides that probably direct the proteins to the secretory pathway, two signal peptides predict transport to mitochondria and one protein has a presumably cytosolic location [2] . The total number of CKX genes in maize is not known at present, but at least four different CKX genes are expressed in developing maize kernels [42] . Differences in local environments of CKX activity therefore dictate differences in modes of biochemical action on cytokinin substrates, electron acceptors, or both. In addition to the broad comparisons with other oxidoreductase family members, corresponding similarities and differences among CKX enzymes could be evaluated, which relate to electron acceptor use in vivo.
